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Abstract:
Before the maturation of the chromophore, a fluorescent protein, just like any
other three-dimensional protein structure, has to fold into the correct tertiary structure
to function. We proposed that the evolutionarily conserved hinge residues, believed to
be located on or near the lids of the fluorescent protein, are involved in the folding
mechanism and rotation of the β-sheets and lids into the correct geometry. Acting like
door hinges, these residues are translationally immobilized but rotationally active.
Interference of the hinge sites may lead to allosteric effects and disruption of the
protein’s functional motions. In the study, significant sequential and spatial
conservation was found in conserved lid residues across 28 wild-type fluorescent
proteins. Furthermore, the high rotational freedom and dihedral mobility of the
conserved lid residues confirmed their behavior as hinge residues in the folding
process.
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Introduction:
I.

General Background
Since Osamu Shimomura purified the first wild-type green fluorescent protein

(GFP) from the crystal jellyfish Aequorea victoria (avGFP, PDB:1GFL) in the 1960s,
an expanding family of fluorescent proteins (FPs) has been discovered. Fluorescent
proteins, the innovative biomarkers in scientific research, became prevalent within
decades. Scientists have sequenced over 150 distinct FPs and crystalized 28 wild type
structures, which derived from various marine species including anemones, corals and
jelly fish. (1) Despite the fact that the proteins can be traced back to 150 distinct
species, they share a great deal of amino acid similarity. By simply expressing FPs
next to targeted proteins, biological researchers have been maximizing FPs’ imaging
capability, which has already made revolutionary changes in biological research. For
example,
! With the help of the FPs, researchers are able to observe the pattern and
distribution of various proteins. For example, various pathological proteins,
such as amyloid β-protein that abnormally aggregate during the deterioration
of Alzheimer’s disease, can be easily monitored by the newly designed
fluorescence protein sensor. (2)
! Similarly, other proteins, such as matrix metalloproteinases (MMPs) that are
involved in stroke, can be visualized through an MMP-activatable probe,
which shows significantly higher levels of fluorescence in the stroke affected
areas. (3)
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! The energy transfer between the donor chromophore and an acceptor
chromophore nonradiative dipole-dipole coupling, fluorescence (or Förster)
resonance energy transfer (FRET) can be used to monitor protein-protein
interactions. (4)
! Cell cycle activity also can be lit up through fluorescence. Fucci, a fluorescent,
ubiquitination-based cell cycle indicator designed by Atsushi Miyawaki from
the RIKEN Basic Science Institute, is able to color the progression of the cell
cycle with different FPs therefore allowing researchers to visualize the cells
in different phases of the cell cycle. (5)
! In cancer treatment, the inability to efficiently follow and evaluate cancer
metastasis has limited the effectiveness of cancer therapies. By tagging cancer
cells with GFPs, researchers are able to trace the metathesis easily. (6)

II.

Fluorescent Protein Structure
It is widely known that the shape of the avGFP resembles a can structure made up

of 11 β-sheets from 238 amino acids (Figure 1). Located at the core of the protein, the
SYG tripeptide chromophore can be seen as the “heart” of the GFP.
The immature chromophore undergoes a 3-step autocatalytic maturation reaction
(cyclization, oxidation and dehydration) of the SYG tripeptide, which means no
foreign enzyme is involved in this process. Two mechanisms were proposed by
Getzoff and Wachter (Figure 2).

+
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Figure 1. The Architecture of Aequorea Victoria Green Fluorescent Protein (7)

Figure 2. Two chromophore maturation mechanism proposed by Getzoff (left)
and Wachter (right). (8, 9)

+
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Conserved Residues Amongst the Fluorescent Proteins
Over 150 distinct GFP-like proteins are currently known. GFP-like

fluorescent proteins (FPs) have been found in marine organisms ranging from
chordates (e.g. amphioxus) to cnidarians (e.g. corals and sea pansies). Figure 3 shows
the most conserved residues in the structures of the naturally occurring GFP-like
proteins. We can divide the conserved residues into 3 groups; residues involved in
chromophore formation, residues on and around the “lids” of the β-barrel (underlined
on the figure), and centrally located residues with no known function.

Figure 3: A weblogo representation of amino acid diversity among the most conserved
residues of the wild-type GFP-like structures. Underlined are the conserved lid residues.
Residues are numbered relative to avGFP. A high bit score (y-axis) on the logo plot reflects
invariant residues. See Figure 4 for location of some of these residues.
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Tyr66, Gly67, Arg96 and Glu222 are involved in chromophore formation and we
have recently examined their role in the post-translational green fluorescent protein
chromophore formation. (10) Gly31, Gly33 and Gly35 are all located on the second
β-strand of the 11 β-strand barrel, see Figure 4. There is no obvious reason why these
residues are conserved. They are the only conserved residues located on β-strands that
are not involved in chromophore formation. The residues are not part of the pore
implicated in chromophore maturation (11) that is located between sheets 7 and 8.
They are also highly conserved in all 266 GFP-like pdb structures and no analogous
GXGXG conserved stretch is found in the 16 sheet β-barrels of porins. A 50ns
molecular dynamics simulation of avGFP revealed that second β-sheet is not
significantly more flexible than the other β-sheets. (1)
In this thesis we will focus on the function of the conserved lid residues.

IV.

The Conserved Lid Residues
The “lid” residues are located at both ends of the GFP’s can structure, and they

are mainly made up of short turns, helices and ends of sheets. A previous study has
shown that the lid residues are notably conserved among all 266 FPs structures in the
PDB. (1) Furthermore the C and N termini end, which is deemed as the bottom lid in
this study, is relatively less conserved in comparison to the top lid. Three conserved
residues (89, 91 and 196) are located on the bottom lid and 12 residues (20, 23, 27, 53,
55, 101, 102, 104, 127, 130, 134 and 136) are spread across the top lid. We are
curious whether the conserved lids are related to the protein binding function or GFP

+
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folding. In this thesis we will focus on the possibility that the conserved residues are
hinge residues crucial to the fluorescent proteins’ folding.

Figure 4. Location of conserved amino acids on β-sheets (31, 33, 35)
and lids (23, 50, 53, 89, 91, 101, 102, 104, 130, 134, 136, 196)

V.

Folding of Fluorescent Proteins
Before the maturation of the chromophore, the fluorescent protein, just like any

other three-dimensional protein structure, has to fold into the correct tertiary structure
to be able to function. Different approaches including chemical (urea or guanidinium
chloride), thermal and physical methods have been applied to denature the FPs and
explore the folding/unfolding.
Bertz et al (12) applied a mechanical force to unfold GFP. To collect more
evidence about the intermediates, two GFP mutants with disulfide cross-links were
pulled apart by forces from opposite directions. Their work revealed the unfolding
pathways of GFP shown in Figure 5.
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Figure 5. Force-extension graph of two GFP mutants: Green, blue, and red circles indicate
partial GFP fracture, unfolding of the intermediate and complete fracture. (12)

Reddy et al.(13) have combined the results from their coarse grained simulations
with reported experimental observations(14, 15, 16, 17) to propose a model for GFP
folding. It includes multiple pathways, passing through kinetic and equilibrium
intermediates as well as misfolded structures. During folding and unfolding the
β-sheets move in distinct groups - an N-terminal (β1-3), central (β4-6), and
C-terminal (β7-11), group (Figure 6). Rewiring GFP and changing the order of
β-strands 1-6 appears to result in misfolding and failure to form a chromophore.
+
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Figure 6. Citrine, a yellow version of fluorescent protein’s structure is shown: blue strands are
the N terminus β-strands, red are the C terminus β-strands, grey are the other 3 β-strands and
the green helix is the central helix that includes the chromophore.

As shown in Figure 7, several equilibrium intermediates in the folding process
were found by the simulations, which are similar to the results of chemical denaturant
GdmCl experiment. The equilibrium shows fairly slow unfolding kinetics and
therefore high energy barriers in protein unfolding.

Figure 7. Left: Fraction of GFP in the Native Basin of Attraction (triangles), equilibrium
intermediates (diamonds) and UBA (circles). Left right: energy, E, and the heat capacity, Cv
as a function of T. Right: Free energy of GFP at temperature around melting point. One of the
intermediate is shown.

+
+

Exploration+of+Hinge+Residues+among+GFP8like+Proteins+

12+

Summing across all the results, one GFP folding landscape was proposed as in
Figure 8, which shows 4 folding pathways between different states.

Figure 8. GFP folding energy landscape and network of pathways between intermediates

Due to the fact that GFP tends to misfold with its β-barrel structure, especially
when tagged with other proteins, a great variety of mutants were made to enhance its
folding ability. Superfolder GFP, which is believed to be the one of the fastest folding
GFPs, carries eleven mutations: the cycle-3 mutations (F99S, M153T and V163A), 2
enhanced GFP mutations (F64L and S65 T) and 6 folding enhanced mutations (S30R,
Y39N, N105T, Y145F, I171V and A206V). (18) Although the cycle 3 mutations do
not affect the folding kinetics of the protein, they are able to reduce the
hydrophobicity and protein aggregation. S30R and Y39N mutations are believed to
increase folding efficiency while Y145F and I174V can reduce the misfolding. N105T
and A206V in some way can increase the β-forming propensity. These mutants of
Superfolder GFP show great capability in folding and give off bright fluorescence,
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even if fused with a poorly soluble protein, which causes problems binding with
current GFP variants.
Studies on Superfolder GFP have shown a rough energy landscape in the
unfolding and refolding process: the unfolding titration curves constantly change over
time but the corresponding refolding curves do not. (19)
Additionally it has been found that a GFP mutant without the chromophore shows
smoother energy landscape and superimposable refolding and unfolding equilibrium
curves than the mature forms. The de novo folding indicates that chromophore is
somehow involved in the energetic frustration of the unfolding and refolding of the
GFP. This is the so-called folding hysteresis.
Circular permutated GFP, in which the C and N termini were joined with a spacer
and new C and N termini were formed at residues 144 and 145, has altered pKa
values. However, the protein was still able to retain fluorescence, which indicated the
occurrence of correct folding and chromophore maturation. GFP’s tolerance for
circular permutation presents that the folding process of GFP is amazingly robust.
(20)
In Aequorea victoria GFP (avGFP) the protein folds quickly and GFP refolding
from an acid-, base-, or guanidine HCl-denatured state (chromophore containing but
non-fluorescent) occurs with a half-life of between 24 seconds(21) and 5 minutes(22)
and the recovered fluorescence is indistinguishable from that of native GFP.(23)
The folding of GFP exhibits hysteresis that is due to the decreased flexibility of the
chromophore vs. its immature analog(24, 25), and the compaction of the β-barrel
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upon chromophore formation.(26) All signs of hysteresis disappear in mutants that do
not form the chromophore.(25)
Our goal for this thesis is to explore the existence of hinge residues among the
conserved lid residues in FPs.
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Materials and Methods:
I.

28 Wild-type Fluorescent Proteins
All the wild-type fluorescent proteins structures imported from the RCSB PDB

Bank are listed below. (27)

Table 1. The information and sources of 28 wild type GFP-like proteins
Protein

PDB

Organism

Reference

Aequorea

Yang, F., Moss, L.G. and Phillips Jr., G.N. The molecular structure of green fluorescent protein.

victoria

(1996) Nat.Biotechnol. 14: 1246-1251

Montipora

M., Ling, M., Beddoe, T., Oakley, A.J., Dove, S., Hoegh-Guldberg, O., Devenish, R.J. and

efflorescens

Rossjohn, J. The 2.2 A crystal structure of a pocilloporin pigment reveals a nonplanar

Code
Green Fluorescent

1gfl

Protein
A blue, nonfluorescent

1mou

pocilloporin

chromophore conformation.Prescott. (2003) Structure 11: 275-284
A far-red fluorescent

1uis

protein, eqFP611

Entacmaea

Petersen, J., Wilmann, P.G., Beddoe, T., Oakley, A.J., Devenish, R.J., Prescott, M. and

quadricolor

Rossjohn, J. The 2.0-A crystal structure of eqFP611, a far red fluorescent protein from the sea
anemone Entacmaea quadricolor. (2003) J.Biol.Chem. 278: 44626-44631

KikGR

1xss

Favia favus

Tsutsui, H., Karasawa, S., Shimizu, H., Nukina, N. and Miyawaki, A. Semi-rational engineering
of a coral fluorescent protein into an efficient highlighter. (2005) Embo Rep. 6: 233-238

A far-red Fluorescent

1yzw

Protein, HcRed

Heteractis

Wilmann, P.G., Petersen, J., Pettikiriarachchi, A., Buckle, A.M., Smith, S.C., Olsen, S.,

crispa

Perugini, M.A., Devenish, R.J., Prescott, M. and Rossjohn, J. The 2.1A crystal structure of the
far-red fluorescent protein HcRed: inherent conformational flexibility of the chromophore. J.
(2005) J.Mol.Biol. 349: 223-237

Discosoma Red

1zgo

Discosoma sp.

Tubbs, J.L., and Tainer, J.A., and Getzoff, E.D.Crystallographic structures of Discosoma red

Fluorescent Protein

fluorescent protein with immature and mature chromophores: linking peptide bond trans-cis

(DsRed)

isomerization and acylimine formation in chromophore maturation. (2005) Biochemistry 44:
9833-9840

Green to red

1zux

photoconvertible

Lobophyllia

Nienhaus, K., Nienhaus, G.U., Wiedenmann, J. and Nar, H. Structural basis for photo-induced

hemprichii

protein cleavage and green-to-red conversion of fluorescent protein EosFP. (2005)

GFP-like protein,

Proc.Natl.Acad.Sci.Usa 102: 9156-9159

EosFP
A cyan fluorescent

2a46

protein, amFP486

Anemonia

Henderson, J.N. and Remington, S.J. Crystal structures and mutational analysis of amFP486, a

majano

cyan fluorescent protein from Anemonia majano. (2005) Proc.Natl.Acad.Sci.Usa 102:
12712-12717

GFP asFP499

2c9i

Anemonia

Nienhaus, K., Renzi, F., Vallone, B., Wiedenmann, J. and Nienhaus, G.U. Chromophore-protein

sulcata

interactions in the anthozoan green fluorescent protein asFP499. (2006) Biophys.J. 91:
4210-4220
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GFP cmFP512

2c9j

16+

Cerianthus

Nienhaus, K., Renzi, F., Vallone, B., Wiedenmann, J. and Nienhaus, G.U. Exploring

membranaceus

chromophore--protein interactions in fluorescent protein cmFP512 from Cerianthus
membranaceus: X-ray structure analysis and optical spectroscopy. (2006) Biochemistry 45:
12492-12953

a GFP-like protein,

2dd7

CpYGFP

Chiridius

Suto, K., Masuda, H., Takenaka, Y., Tsuji, F.I. and Mizuno, H. Structural basis for red-shifted

poppei

emission of a GFP-like protein from the marine copepod Chiridius poppei. (2009) Genes Cells
14: 727-737

CopGFP

2g3o

Pontellina

Wilmann, P.G., Battad, J., Petersen, J., Wilce, M.C.J., Dove, S., Devenish, R.J., Prescott, M.

plumata

and Rossjohn, J. The 2.1A crystal structure of copGFP, a representative member of the copepod
clade within the green fluorescent protein superfamily. (2006) J.Mol.Biol. 359: 890-900

A GFP turns red with

2gw3

UV radiation, Kaede

Trachyphyllia

Hayashi, I., Mizuno, H., Tong, K.I., Furuta, T., Tanaka, F., Yoshimura, M. and Miyawaki, A.,

geoffroyi

Ikura, M.Crystallographic evidence for water-assisted photo-induced peptide cleavage in the
stony coral fluorescent protein Kaede. (2007) J.Mol.Biol. 372: 918-926

A blue chromoprotein

2ib5

Epiactis

Chan, M.C.Y., Karasawa, S., Mizuno, H., Bosanac, I., Ho, D., Prive, G.G., Miyawaki, A. and

japonica

Ikura, M. Structural characterization of a blue chromoprotein and its yellow mutant from the sea
anemone Cnidopus japonicus. (2006) J.Biol.Chem. 281: 37813-37819

A red fluorescent

2icr

Zoanthus sp.

protein zRFP574

Pletneva, N., Pletnev, V., Tikhonova, T., Pakhomov, A.A., Popov, V., Martynov, V.I.,
Wlodawer, A., Dauter, Z. and Pletnev, S. Refined crystal structures of red and green fluorescent
proteins from the button polyp Zoanthus. (2007) Acta Crystallogr.,Sect.D 63: 1082-1093

A photoswitchable

2ie2

GFP, Dronpa

Echinophyllia

Wilmann, P.G., Turcic, K., Battad, J.M., Wilce, M.C.J., Devenish, R.J., Prescott, M. and

sp. SC22

Rossjohn, J. The 1.7 A crystal structure of Dronpa: a photoswitchable green fluorescent protein.
(2006) J.Mol.Biol. 364: 213-224

A yellow fluorescent

2ogr

Zoanthus sp.

protein, zYFP538

Pletneva, N.V., Pletnev, S.V., Chudakov, D.M., Tikhonova, T.V., Popov, V.O., Martynov, V.I.,
Wlodawer, A., Dauter, Z. and Pletnev, V.Z. Three-dimensional structure of yellow fluorescent
protein zYFP538 from Zoanthus sp. at the resolution 1.8 angstrom. Bioorg.Khim. 33: 421-430

GFP-like fluorescent

2ojk

Zoanthus sp.

chromoprotein FP506

Pletneva, N., Pletnev, V., Tikhonova, T., Pakhomov, A.A., Popov, V., Martynov, V.I.,
Wlodawer, A., Dauter, Z. and Pletnev, S. Refined crystal structures of red and green fluorescent
proteins from the button polyp Zoanthus. (2007) Acta Crystallogr.,Sect.D 63: 1082-1093

luciferase's accessory

2rh7

GFP, RrGFP
Red fluorescent protein

2wht

mKeima

Renilla

Loening, A.M., Fenn, T.D. and Gambhir, S.S. Crystal structures of the luciferase and green

reniformis

fluorescent protein from Renilla reniformis. (2007) J.Mol.Biol. 374: 1017-1028

Montipora sp.

Violot, S., Carpentier, P., Blanchoin, L. and Bourgeois, D. Reverse pH-dependence of

20

chromophore protonation explains the large Stokes shift of the red fluorescent protein mKeima.
(2009) J.Am.Chem.Soc. 131: 10356

Photoswitchable

2z6x

Pectiniidae

Mizuno, H., Mal, T.K., Walchli, M., Kikuchi, A., Fukano, T., Ando, R., Jeyakanthan, J., Taka,

GFP-like protein

J., Shiro, Y., Ikura, M. and Miyawaki, A. Light-dependent regulation of structural flexibility in

Dronpa

a photochromic fluorescent protein. (2008) Proc.Natl.Acad.Sci.Usa 105: 9227-9232

Orange-Emitting

2zmu

GFP-like Protein

Verrillofungia

Kikuchi, A., Fukumura, E., Karasawa, S., Mizuno, H., Miyawaki, A. and

concinna

characterization of a thiazoline-containing chromophore in an orange fluorescent protein,

Monomeric Kusabira

Shiro, Y. Structural

monomeric Kusabira Orange. (2008) Biochemistry 47: 11573-11580

Orange (mKO)
A Cyan Fluorescent
Protein, dsFP483

3cgl

Discosoma

Malo, G.D., Wang, M., Wu, D., Stelling, A.L., Tonge, P.J. and Wachter, R.M. Crystal structure

striata

and Raman studies of dsFP483, a cyan fluorescent protein from Discosoma striata. (2008)
J.Mol.Biol. 378: 869-884
+
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A photosensitizer

3gb3

KillerRed

17+

Anthomedusae

Pletnev, S., Gurskaya, N.G., Pletneva, N.V., Lukyanov, K.A., Chudakov, D.M., Martynov, V.I.,

sp. DC-2005

Popov, V.O., Kovalchuk, M.V., Wlodawer, A., Dauter, Z. and Pletnev, V. Structural basis for
phototoxicity of the genetically encoded photosensitizer KillerRed. (2009) J.Biol.Chem. 284:
32028-32039

Fluorescent protein

3h1o

FP480
Orange-Emitting

3mgf

GFP-like Protein,

Entacmaea

Pletnev, S., Morozova, K.S., Verkhusha, V.V. and Dauter, Z. Rotational order-disorder structure

quadricolor

of fluorescent protein FP480. (2009) Acta Crystallogr.,Sect.D 65: 906-912

Verrillofungia

Ebisawa, T., Yamamura, A., Ohtsuka, J., Kameda, Y., Hayakawa, K., Nagata, K. and Tanokura,

concinna

M. Crystal Structure of Monomeric Kusabira-Orange (MKO), Orange-Emitting GFP-like

Monomeric

Protein, at pH 7.5. Journal: To be Published

Kusabira-Orange
(MKO)
Red fluorescent protein

3pib

eqFP578

Entacmaea

Pletneva, N.V., Pletnev, V.Z., Shemiakina, I.I., Chudakov, D.M., Artemyev, I., Wlodawer, A.,

quadricolor

Dauter, Z. and Pletnev, S. Crystallographic study of red fluorescent protein eqFP578 and its
far-red variant Katushka reveals opposite pH-induced isomerization of chromophore. (2011)
Protein Sci. 20: 1265-1274

far-red fluorescent
protein Katushka

3pj5

Entacmaea

Pletneva, N.V., Pletnev, V.Z., Shemiakina, I.I., Chudakov, D.M., Artemyev, I., Wlodawer, A.,

quadricolor

Dauter, Z. and Pletnev, S. Crystallographic study of red fluorescent protein eqFP578 and its
far-red variant Katushka reveals opposite pH-induced isomerization of chromophore. (2011)
Protein Sci. 20: 1265-1274

II.

Protein Alignment and Sequence Analysis
Protein alignment and sequence analyses were accomplished with UCSF Chimera

software. Twenty-eight mature protein structures were obtained from the PDB.
Immature structures were prepared as stated in the next section. The proteins were
aligned with the MatchMaker subroutine. They were matched with the structure of
avGFP, the best alignment of the other 27 proteins with avGFP was made by using a
Needleman-Wunsch algorithm. After the superposition of the 28 proteins, a structural
sequence alignment was made through Match -> Align subroutine with a 5 angstroms
residue-residue distance cutoff. Three parameters (RMSD of α-carbon, conservation
of amino acids and charge variation) were collected by Chimera, exported and
summarized using Office Excel. In all calculations residues 21-26, 36-40, 47-60,
75-92, 100-105, 114-118, 128-145, 154-160, 170-176, 208-217, 186-199 and 227
+
+
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were considered “lid residues”. The position of these residues in bottom and top lids
of avGFP are mapped in Figure 9.

III.

Immature Form of Fluorescent Proteins
Immature FPs structures were obtained from mutating the mature structures by

graphically changing the chromophores to form the original precyclized tripeptide
sequence. The conformational searches were conducted by combining the Monte
Carlo torsional variation and low mode methods. (28, 29) By randomly rotating the
dihedral angles of all the sides-chains of residues 64-68 (avGFP numbering) between
0° and 180° and translating all solvent molecules in an 8.00 Å sphere by between 0 Å
and 1.00Å in each Monte Carlo (MC) step (30), we obtained the lowest energy
structures.

IV.

Positional and Dihedral Variation of Conserved Residues by Molecular
Dynamics (MD)
MD simulations were carried out in the NPT ensemble at 300K and 1 bar with

1.5fs steps using Desmond. (31) All molecular dynamics calculations used the
OPLS_2005 force field and SHAKE constrained hydrogens. Ten thousand four
hundred and eighteen structures were sampled in each 50ns MD simulation. Each
structure was in an orthorhombic simulation box of 0.15M NaCl and SPC waters,
with a 10Å solvent buffer between the protein surface and the boundary.
Minimizations and pre-equilibrium simulations were done using the default

+
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Desmond/multisim relaxation protocol. (26, 31) With the scripts from Matthew
Zimmer, the dihedral angles φ and ψ of the conserved residues throughout the 10480
frames were measured from VMD 1.9.1.

+
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Results and Discussion:
I.

Conserved Residues and Protein Folding
According to the funneled energy landscape theory, there are many folding

pathways for an unfolded protein to adopt, although a small number of them dominate
the folding process.(32, 33) In order to form a correctly folded protein these energy
funnels have to be fairly robust under a large variety of conditions.
It has long been known that active site residues are commonly conserved,
however recent studies have shown that evolutionary conservation and structural
dynamics are also strongly linked. (34, 35) Although the protein folding pathways are
minimally affected by most mutations,(36) folding nuclei that are critically important
in helping proteins adopt their three dimensional conformations are highly
conserved.(37)
Hinge residues are residues that control the movement of the protein like door
hinges. The significance of the hinge is the maintenance of protein geometry
formation used for protein binding and other functions. Interference of the hinge sites
may lead to allosteric effects and disruption of the protein’s functional motions.
Therefore hinges are spatially and sequentially conserved with less translational
mobility, but because of the importance in directing the proteins to adopt the tertiary
conformation in protein folding, they have rotational flexibility and dihedral freedom.
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Hinge Residues and Protein Folding
In the GFP, hinge residues are the immobilized amino acids that control the

folding mechanism, and the flexibility and rotation of the β-sheets and lids. Among all
the most conserved 18 residues in avGFP, 12 residues are located within the lids’ area
(Figure 4). Could these residues be hinge residues that are critically involved in
β-barrel folding and chromophore formation?

III.

Structural Analysis of Wild-Type Fluorescent Proteins
By 2013, a total of 28 wild-type GFP-like proteins’ crystal structures have been

published on RCSB Protein Data Bank (rcsb.org). Despite the origins from different
species, all the proteins had similar sequences and structures. They all have similar
eleven stranded β-barrels with a centrally located chromophore. If one assumes that
the protein backbone will adopt a low energy conformation in most crystal structures,
then the conformational space spanned by the crystal conformations can be equated
and compared (qualitatively not quantitatively) with the potential energy surface of
the backbone itself. (38) With the default settings in Chimera, the superimposition of
28 FPs was done by aligning all sequenced alpha-carbons to avGFP’s crystal structure.
The rigidity of β-sheets, lids structure and conserved residues across the species was
obtained from this superimposition.
Figure 10 shows the superimposition of the 28 mature wild-type structures listed
in Table 1. In the figure, the values of the charge, conservation and RMSD were
mapped with 3 sets of colors. If we take a look at the highly conserved sequence, or
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red part on Figure 10, the lid structure seems to be relatively more conserved than the
β-sheets. This is confirmed by our previous study that showed most of the conserved
residues are located at the lids (Figure 4). The conservation of residues across species
is related to the basic cellular function, stability and reproduction. Although evolution
may lead to mutations, if the mutations happen to important amino acids that
influence the viability of the protein and the host, the mutants will not survive and the
genes will be in a highly conserved region.

Figure 9. Amino Acids marked in wire representation constitute the bottom and top lids of
avGFP (residues 21-26, 36-40, 47-60, 75-92, 100-105, 114-118, 128-145, 154-160, 170-176,
208-217, 186-199 and 227)
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Charge

Conservation

23+

RMSD

Figure 10. Three views (top, bottom and side) of the superimposed 28 different wild-type FPs
structures with 3 properties from the left column to the right: charge variation (white as zero
charge variance, blue as one charge variance and red as two charges variance), conservation
(cyan as least conserved and maroon as most conserved) and RMSD (rainbow color with red
as smallest RMSD and purple as biggest RMSD).
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According to Figure 10 and Figure 11 although lids have higher sequence
conservation, β-sheets show higher rigidity due to the hydrogen bond between the
β-strands. Similarly in Table 2, β-sheets have a RMSD value of 0.66Å, which is
almost half of the RMSD value of lid structure (1.213Å). The average RMSD of the
entire protein is 0.989 Å, which is, not surprisingly, between the RMSD of the lids
and the β-sheets. Across all the 28 FPs, the bottom lid (the end with N and C termini)
and top lid show distinctive traits. The top lid shows noticeably higher rigidity than
the bottom lid according to the color representation in Figure 9. Since the bottom lid
contains the two termini that are flexible and increase the RMSD, the terminal
residues were excluded from the RMSD calculation (residues 1-10, 228-230). The
RMSD results in Table 2 shows that the top lid has more rigidity (1.044Å) than the
bottom lid (1.382Å) even when the two termini are removed from the bottom lid.
The conserved lid residues show more spatial conservation than the lid residues,
but more flexibility than β-sheet. Most of the conserved residues are located at the top
lid, and it has more spatially and sequentially conservation than bottom lid.
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Table 2. The RMSD of residues that make up different structures in mature and immature FPs
in the neutral form from the superimposition of 28 wild-type FPs
Residues

Mature

Immature

RMSD (Å)

RMSD (Å)

1.044

1.755

1.382

1.586

1.213

1.671

0.660

0.897

0.889

1.283

Residues

21-26, 47-60, 100-105, 128-145, 170-176, 208-217
36-40, 75-92, 114-118, 154-160, 186-199, 227
Top + Bottom Lids
11-20, 27-35, 41-46, 61-74, 93-99, 106-113, 119-127,
146-153, 161-169, 177-185, 200-207, 218-226
20, 23, 27, 31, 33, 35 50, 53, 89, 91, 101, 102, 104, 127,
130, 134, 136, 196

Conserved Lids

23, 50, 53, 89, 91, 101, 102, 104, 130, 134, 136, 196

0.989

1.472

All Residues

1-238

0.989

1.404

Top Lid
Bottom Lid*
Both Lids
β-Sheets
Conserved

•

For better accuracy, the bottom lid RMSD excludes both N and C termini.

We believe that the conserved lid residues are either hinges crucial to folding and
chromophore formation, or the conservation of the lid is indicative of some as of yet
unknown protein-protein binding function. Since the top lid has similar structural and
electronic properties in all the naturally occurring FPs, naturally a protein may dock
on the lid. Figure 10 shows positively, negatively and neutrally charged amino acids
scattered over the entire top lid and it does not show any obvious conserved charged
area that can act as a binding site. We therefore focus the remainder of this thesis on
the possibility that the conserved residues are acting as hinges.

IV.

Structural Analysis of Immature Fluorescent Proteins
Before the maturation of the chromophore, GFP, just like any other

three-dimensional protein structure, has to fold into the correct tertiary structure to be
able to function. Different from the cyclized chromophore in mature GFP, the
tripeptide sequence chromophore in the immature structure is in a precyclized form
+
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(Figure 12 C). These are the so-called immature structures. There are many folding
pathways for an unfolded protein according to the funneled energy landscape theory,
but only a small amount will dominate the folding process. (32, 33) Only under some
suitable conditions can the energy funnels be fairly robust and form the correctly
folded protein. It has long been known that the active sites’ residues involving in
folding are commonly conserved and recent studies showed strong connection
between evolutionary conservation and structural dynamics. (34, 35) Although the
protein folding pathways are minimally affected by most mutations, folding nuclei
that

are

critically

important

in

helping

proteins

adopt

three-dimensional

conformations are highly conserved. (37) Local perturbations, or interference of hinge
sites can give rise to allosteric effects or even disrupt the entire cooperativity of the
functional motions of a protein, and therefore it is not surprising that these sites are
conserved. (39)
Although GFP is a decent folder, it has a different folding landscape that
produces an active chromophore surrounded by 11 β-sheets. (26) The fluorescence of
fluorescent proteins is only observed after the formation of chromophore by
autocatalytic internal cyclization of the tripeptide 65SYG67 and subsequent oxidation
of the intrinsically formed structure, which normally takes 90 minutes to 4 hours after
protein synthesis. (40, 41)
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Figure 12. Three forms of Chromophore in avGFP: A. Mature ionized form.
B. Mature neutral form. C. Immature or uncyclized or precyclized form.

Since the chromophore is involved in an energetic frustration in the folding and
unfolding of GFP, we wonder how is the structure that folded with a precyclized
chromophore different from the structure folded with a cyclized chromophore. Also to
observe the hinge residues’ effect on the folding of immature FPs, we
computationally created the immature structure from the mature crystal structures of
the wild-type FPs. The mature FPs crystal structures were graphically modified by
converting the original cyclized chromophore into a precyclized tripeptide sequence
in Maestro, and a brief conformational search was conducted to simulate the structure
before chromophore formation takes place. Comparing the 28 FPs structures with a
mature chromophore to the same 28 FPs structures with an immature chromophore,
we see the residues in immature structures are generally more flexible and have
higher RMSD value (1.404Å vs. 0.989Å), see Table 2. This is supported by our
previous molecular dynamics study which showed that the mature GFP contains a
tighter β-barrel than the relaxed precyclized form. (26) The β-barrel in FPs may have
evolved to be porous during chromophore formation so that it permits the entrance of
catalytically important molecules for the chromophore maturation. The tensing of
β-barrel upon formation of chromophore may cause the hysteresis observed in FPs’
+
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folding behavior. (26, 42, 43) The higher RMSD of the immature structures relative to
their mature counterparts is observed at top lid, bottom lid and β-sheets from Figure
13. The trend can also be seen in Figure 14, where the line representing the RMSD of
immature structure stays above the lines representing both the mature forms
throughout the entire amino acid sequence. However, unlike the mature structures, the
immature FPs are more rigid on the bottom lid than the top lid (1.586 Å to 1.755 Å).
The conserved residues in immature structures have the RMSD value of 1.283Å,
which is less rigid than those in mature structures with RMSD value of 0.889Å. Like
other residues in immature GFP, the conserved residues gain flexibility from the
folding of structure with a precyclized chromophore while the cyclized chromophore
leads to a tighter folding of mature protein structure. It shows some flexibility of the
conserved residues relative to the β-sheet, which implies the hinges (if they are hinges)
may move slightly and still control the movement of the lids. Despite of the changes
in the flexibility between lids, the conserved lid residues in both mature and immature
structures are less positionally variant than the remainder of the lid residues, which
further reinforces the idea that the conserved residues within the lids are hinge
residues.

V.

Molecular Dynamics Simulations
In addition to the superimposition of static structures that provides a view into the

movement of residues over different species, we have done molecular dynamics (MD)
simulations to observe the movement of the conserved residues over time. MD is a
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simulation of atoms’ physical movements and interactions within a molecule over a
period of time. The simulation creates trajectories of atoms and molecules based on
Newton’s laws of motion.

VI.

Molecular Dynamics and Translational Flexibility of Conserved Residues
Fifty nanosecond MD simulations of avGFP in its neutral, anionic mature forms

and its immature form were run and analyzed. The residues in avGFP show varied
RMSD movement in neutral, ionized and uncyclized forms although the fluctuations
of all 3 forms follow similar trends throughout the whole amino acid sequence (Figure
12 and Figure 15). Like the crystallographic comparisons, major RMSD peaks take
place in the residues that make up either lid, showing that lids have more movement
than the more structured hydrogen-bonded β-sheets. It can be observed from the graph
that the uncyclized structure has the highest RMSD value and neutral form has the
lowest RMSD value. The immature proteins show less compact structures from the
folding with the precyclized chromophore comparing to the more compact mature
structures, which indicates the mature chromophore’s involvement in folding
hysteresis. The ionized form usually falls in the middle. From amino acid 57-69, the
uncyclized structure has a major peak compared to very low value on neutral and
ionized forms. This is due to the fact that residues 65-67 make up the tripeptide
sequence that forms the chromophore. In the immature form the peptide backbone is
much more flexible than the rigid chromophore found in the mature forms. In another
part of the amino acid sequence, residues 73-87 that make up the bottom lid, the order
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from the highest RMSD value to the lowest is also from the uncyclized structure to
the ionized structure and finally the neutral structure. As discussed before, the
increased flexibility in the immature form indicate that structural changes occur upon
the maturation of chromophore that tightens up the protein and decreases the residue’s
spatial flexibility. (26) However in another piece of amino acid sequence, residues
153-161 that make up the bottom lid, the ionized structure has the highest RMSD.
Surprisingly the uncyclized structure has the lowest RMSD value in this area. This
finding is supported by the previous result (obtained by overlapping mature and
immature structures, Table 2 and Figure 15) that the bottom lid in immature structure
is more spatially conserved than the top lid, which is opposite to the situation in
mature structure. The flexibility difference of top and bottom lids between the mature
and immature forms of avGFP indicates a structural change occurs in bottom lid after
the chromophore maturation. The hysteresis, resulting from the chromophore
formation involves a series of structural changes in both lids. Due to its high spatial
conservation in immature form, the bottom lid has also the chance to play a
significant role in the protein folding of mature avGFP.

VII.

Molecular Dynamics and Dihedral Flexibility of Selected Conserved Residues
In our belief, the conserved lid residues, or the hinge residues, ought to have

relatively higher rotational flexibility than the other lid residues, in addition to the
inert translational mobility. Therefore the dihedral freedom becomes one of the key
elements to determine the existence of hinge residues among the conserved lid
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residues. In the 50ns MD simulations of mature and immature avGFP, the dihedral
angles (φ vs. ψ) of 3 conserved lid residues (31, 33 and 104) and 3 less conserved lid
residues (24,116 and 174) were compared in Figure 16. All six residues are glycines,
they were chosen because glycines are the most flexible amino acids and because all
six are in similar environments i.e. located in short lid loops that connect β-sheets.
Because each dot represents the dihedral angel of a residue in 10 frames out of the
entire 10480 frames, the distribution of the 1048 dots of a residue indicates the
dihedral angel freedom throughout the 50ns of MD simulation. In Figure 16, the dots
representing the dihedral angles of each of the less conserved lid residues are confined
within a single region, considering that the 180° equals to -180° mathematically,
which indicates the dihedral freedom of less conserved residues is limited to that
single region. However, conserved residues have noticeably larger distributions.
Conserved lid residue 33, marked in red crosses, spans from one major region to
another one in both mature and immature structures. It shows the active dihedral
mobility that is typical for a hinge residue. Although conserved lid residue 31 only
takes one region in mature structure, it has a very wide distribution in immature
structure, so it has a greater rotational mobility in the immature protein. The correct
folding is crucial for the later cyclization of chromophore, therefore the hinge residues
are more important in the immature structures. Conserved lid residue 104 behaves
completely different to residue 31: it covers merely one region in the immature
structure but spreads into 3 regions in the mature structure, which shows great
dihedral freedom in mature structure but minimal dihedral movement in the immature
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structure. All the conserved lid residues’ dihedral angles in 50ns MD simulation were
listed in Table 3 although the average and standard deviation calculations are
insufficient in explanation of dihedral freedom. The high rotational movement,
combined with minimal spatial mobility of the conserved lid residues has pointed to
their structural function as hinges in the lids, which are able to rotate the β-sheets into
correct orientation during protein folding.
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Conclusions:
From the observation, the conserved lid residues are the least translationally
mobile residues while also being the most active in the dihedral movements among all
the lid residues. Due to their spatial and sequential conservation, and rotational
freedom, the conserved lid residues fit into our expectation of hinge residues that play
a critical role in the correct protein folding of β-sheets and subsequent chromophore
formation. Two of my colleagues are looking at the same topic from different aspects:
Paola Peshkepija aligned all the crystal structures of wild-type FPs and obtained the
dihedral angles of the conserved lid residues from pdb (27); Ramza Shahid used the
Anisotropic Network Model (44) to study the dihedral freedom with a coarse-grained
perspective that allows for longer simulations. She observed the least RMSD
fluctuations in the conserved lid residues. The recognition of hinge residues in
proteins originated from various species has brought us further in understanding the
folding of GFP, which not only provides the ideas for GFP engineering, but will also
potentially support the structural study of other similar β-barrel molecules. Also more
studies can be made to further explore the behavior of every single hinge residue
during GFP folding: for instance, mutations can be made on the hinge residues to
provide more substantial evidence for their structural functions.
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Figure 16. The dihedral angles of 3 conserved residues (31, 33 and 104 marked as X) and 3
less conserved residues (24,116 and 174 marked as -) in mature and immature GFP
throughout the 50ns of MD simulations of (x-axis: Phi (φ) angle, y-axis: Psi (ψ))
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Table 3. The dihedral angles of conserved lid residues in mature avGFP from 50ns MD
simulation
Phi (φ)
Amino Acid
number
20

Psi (ψ)

23
27
31

161.6018
246.9829
207.38575
231.66346

Standard
Deviation
37.113515
39.807777
9.0095174
9.3510448

188.99966
199.67764
166.21508
142.37391

Standard
Deviation
17.67146
88.679997
9.0106651
13.267286

33
35
50
53
89
91
101
102
104
127
130
134

196.81653
226.54498
264.80651
105.81611
100.90218
116.57928
114.82968
260.26296
142.62449
242.36605
102.00069
244.84843

29.317618
9.6319052
17.714279
9.1779148
9.4657071
8.0527498
13.136535
9.9894623
61.489049
9.5323377
15.054824
16.5833

186.85006
158.91449
184.22892
127.15928
168.17046
189.26594
119.42535
152.15048
175.66322
130.88257
144.53519
206.18548

12.997569
11.042868
163.3138
7.6447434
102.21596
9.8633345
14.072537
133.15336
34.116236
14.283819
14.207164
20.627015

136
196
All Conserved
All

90.119651
99.873774
175.334735
241.901023

15.052858
7.3759648
18.15868661
51.16638114

123.8662
167.42944
162.888521
172.279948

10.447013
13.700271
38.35083878
92.08953841

Average
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Figure 11. A. the sequence conservation of all residues in 28 mature FPs. B. the sequence conservation of all residues in 28 immature FPs
(Red: top lid, green: bottom lid, blue: β-Sheets. Data generated from the superimposition by Chimera)
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Figure 13 A. RMSD of all residues in 28 Mature FPs according to avGFP numbering. B. the RMSD of all residues in 28 Immature FPs
(Red: top lid, green: bottom lid, blue: β-Sheets. Data generated from the superimposition by Chimera)
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Figure 14. RMSD comparison between mature and immature structures
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RMSD of avGFP with Chromophore in 3 forms throughout 50ns of Molecular Dynamics

Figure 15. Average RMSD of 228 residues from avGFP structure in neutral (blue), ionized (red) and uncyclized (green) forms in 10418 frames of MD structure.*from
Matthew Zimmer’s Work
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